Barriers against wear affect the spatial distribution of tree saplings in urban woodlands by Lehvävirta, S. et al.
Urban Forestry & Urban Greening 3 (2004) 3–17
ARTICLE IN PRESS*Correspondin
E-mail addres
1618-8667/$ - see
doi:10.1016/j.ufuwww.elsevier.de/ufugBarriers against wear affect the spatial distribution of tree saplings in
urban woodlands
Susanna Lehv.avirta*, Hannu Rita, Matti Koivula
Department of Ecology and Systematics, Division of Population Biology, University of Helsinki, P.O.B. 65, FIN 00014 Helsinki,
Finland
Received 16 June 2003; accepted 28 October 2003Abstract
In order to maintain indigenous, self-regenerating tree populations in urban woodlands, it is essential to identify
factors affecting the survival of tree seedlings and saplings. In densely populated areas, intensive recreational use may
cause considerable wear of the vegetation and soil, and decrease the total number of saplings. At the same time trees,
high stones and other structural elements in a woodland patch can act as natural barriers and give shelter against wear.
Hence, we hypothesised that with an increasing amount of wear, a greater proportion of tree saplings survive, and is
thus found, close to these natural barriers. We tested this hypothesis with observational data, and described the
microhabitat associations of different sapling species in detail to deﬁne the most favourable or unfavourable
microhabitats. We recorded the microhabitats of saplings and randomly chosen points in 30 medium-fertile Picea abies
dominant woodlands in Helsinki and the surroundings, Finland. The description included location in relation to
physical objects (stones, trees, topography, etc.), other saplings, vegetation and canopy. We then compared the sapling
microhabitats to those available (the random points). Our results suggest that the microhabitat associations of saplings
change with increasing wear: Sorbus aucuparia, Populus tremula, Rhamnus frangula, Picea abies and Acer platanoides
saplings grew more often close to natural barriers (obstacles X30 cm high excluding other saplings), the ﬁrst three
showing a statistically signiﬁcant response to wear in logistic regression models. The saplings were able to grow in a
variety of microhabitats, but the species also differed in their microhabitat associations. In general, saplings grew in
groups, and in worn sites the grouping was more pronounced. With increasing wear the saplings associated more
positively with trees, canopy cover and lush vegetation.
r 2004 Published by Elsevier GmbH.
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Urban woodlands are patches of forest vegetation
located within or close to an urban settlement. They
provide various amenities, including physical (e.g.
pollution and noise abatement), recreational, social
and cultural values. Environmental psychologists haveg author.
s: susanna.lehvavirta@helsinki.ﬁ (S. Lehv.avirta).
front matter r 2004 Published by Elsevier GmbH.
g.2003.10.001shown that green areas promote mental and physical
health (Kaplan and Kaplan, 1989). An everyday
pleasure for many citizens is an outing in the green
surroundings of their homes. However, not all activities
are efﬁciently guided by a maintained trail network, and
people frequently leave the trails (Kellom.aki, 1977;
Tonnesen and Ebersole, 1997).
While being a pleasure for people, off-trail activities
may change the woodland ecosystem through the effects
of wear. Recreational use causes compaction and
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soil, and decrease in the cover and biomass of vegetation
(Liddle, 1997). Wear also decreases the regeneration
success of trees (Tonnesen and Ebersole, 1997; Bhuju
and Ohsawa, 1998; Lehv.avirta and Rita, 2002). Lehv-
.avirta (1999) suggested that structural elements (e.g.
stones, thickets of small trees, fallen logs) may act as
natural barriers against wear in urban woodland sites in
the Greater Helsinki area, where path cover was high
(mean 13%). Indeed, Tonnesen and Ebersole (1997)
found that tree saplings survived better where there was
shelter against wear, in a North American Pinyon-
Juniper urban woodland.
The small-scale heterogeneity of the forest ﬂoor offers
a variety of microhabitats for tree seedlings to establish
and grow, called ‘safe sites’ (Harper, 1977). For
example, characteristics such as canopy gaps and fallen
logs have been found to be favourable for a range of tree
species in a variety of forest ecosystems (Hytteborn et al.,
1987; Platt and Strong, 1989; Kuuluvainen, 1994;
Kubota and Hara, 1996), but descriptions of the
structure of optimal microhabitats are rare (but see
Tonnesen and Ebersole, 1997). Furthermore, the char-
acteristics of microhabitats may change as a result of
wear: a gap in a countryside forest offers light and
growing space, while a similar spot in an urban setting
may be intensively trampled. In urban woodlands,
saplings in gaps may be killed by wear, whereas saplings
close to large trees, if they can endure shade and
competition, may survive as they escape trampling.
The question of the effect of wear on the occurrence
of saplings in different microhabitats is important
because it provides insight into the future regeneration
and development of a woodland patch. Wear, together
with the supply of natural barriers, may present a
selection pressure upon the tree seedlings and saplings:
those species or individuals that can grow close to
barriers against trampling can be hypothesised as
forming the future canopy. This may suggest different
management strategies (for example, provision of
suitable regeneration sites for preferred tree species) to
direct the development of a woodland patch according
to societal needs (be it recreational, aesthetic, nature
conservation or other).
We used observational data to test the hypothesis that
with increasing wear a greater proportion of saplings
grows close to barriers against trampling. Our model of
sapling survival in relation to wear and the barriers was
as follows:(1) Wear decreases the total number of saplings in a
woodland patch.(2) Trees, high stones and other structural elements
in a woodland patch can act as natural barriers
against trampling and provide protection against
wear.(3) Hence, with increasing amount of wear, tree
saplings are more likely to survive close to these
barriers (and are thus found there).As relatively little is known about the microhabitat
requirements of different sapling species, we did not test
detailed hypotheses about species-speciﬁc survival
close to different kinds of barriers. Instead, we described
the microhabitat associations of saplings in urban
woodlands by exploring the data with a posteriori
methods.Material and methods
Operationalisation
We focused on tree saplings 30–200 cm in height, and
classiﬁed larger regrowth as trees. Since saplings of
different species have different microhabitat require-
ments, they may vary in the ability to utilise the
protection provided by barriers. Because of this, we
studied each species separately.
We deﬁned all measurable objects (except saplings)
with a minimum height of 30 cm as potential barriers
against wear. Saplings within a 50-cm distance from
such a barrier were considered to be growing beside it.
As the spatial distribution of saplings in relation to
barriers can be expected to depend on the availability of
the barriers, we needed an estimate of their supply.
Therefore, we used random observation points which we
designated as being located beside a barrier or not, like
the saplings.
To explore the favourable and unfavourable micro-
habitats, the close surroundings of each sapling was
described in detail. The microhabitat of a sapling was
deﬁned as a circle with a 50 cm radius from the base of
the sapling. The 50 cm radius was assumed to be a
suitable distance to measure the effect of barriers against
trampling, a possible ‘‘avoidance distance’’ for people
from barriers. The description of microhabitat char-
acteristics included vegetation, and the location of the
sapling in relation to different objects such as trees,
stones, paths, etc. (Appendices A and B). Again, we
gave the random points similar descriptions as for the
saplings, to generate the expected distribution for
saplings in different microhabitats under randomness.
Finally, we deﬁned path cover (% of the total area)
and indices created by (cover  visually estimated level
of wear) as measures of wear (Appendices A and B,
Lehv.avirta, 1999). We have used this method of visual
estimation of the level of wear in other studies as well,
and found that the visual estimation is quick, and
corresponds well with the actual number of trespasses
(manuscript in preparation).
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The data were collected from July to August 1997 in
Helsinki and Vantaa, from an area of 401 km2 (60N,
24E, Finland), with 711 000 inhabitants (Helsinki
Region Statistics, 1998). We located medium fertility
(Myrtillus-type), spruce-dominant, mature woodland
sites on coarse or semi-coarse moraine, with minimal
management impact. For the location we used the cities’
forest inventory data and ﬁeld evaluation, and accepted
30 forest compartments (that ﬁlled the above criteria),
covering different areas of the cities, as study sites
(Lehv.avirta and Rita, 2002).
The dominant trees in the sites were Picea abies (L.)
Karsten and Pinus sylvestris L. with a mixture of Betula
pendula Roth and B. pubescens Ehrh., and occasionally
other deciduous species. The trees were 85–100 years
old, with a mean diameter at breast height (dbh, at
1.3m) of 24–55 cm, a stem density of 70–570/ha and a
basal area of 8–26m2/ha. The area of the study sites
varied between 0.2 and 2 ha according to the size of the
forest compartments.
We made all the measurements in ﬁve to eight random
plots (5 6m) per site, except for saplings and small
trees (o2 cm dbh) of Sorbus aucuparia L., which were so
numerous that we used a subplot of 1 5m for them. In
sites that were too small for eight plots, we ﬁtted as
many as possible, at least ﬁve. The sample plots were
placed at least 5m from each other and from the site
edge, except for the narrowest sites where the minimum
distance from the edge was occasionally 4m.
In the sample plots, we recorded the species of all
living saplings, and also dead ones if we could identify
the species. Shoots growing within a 50 cm distance
from each other were treated as one individual, if a
common base could be detected. We described the
location of all the saplings and 10 random points inTable 1. The effect of path cover on the location of saplings in sam
Species Coeffb ORc CI p-value
Acer platanoides 0.39 1.49 0.79, 2.78 0.107
Betula pubescens 1.44 0.24 0.13, 0.44 0.000e
Picea abies 0.21 1.23 0.78, 1.94 0.182
Populus tremula 0.34 1.40 1.17, 1.68 0.000
Rhamnus frangula 0.81 2.24 1.39, 3.62 0.001
Sorbus aucuparia 0.28 1.32 1.13, 1.55 0.000
The estimates are based on logit model (e), see text. Random points were in
a logit(p) = a+empirical logit(RANBEBAR)+bPATHCOVER, where
proportion of random points beside an obstacle at least 30 cm high and PA
bCoeff gives the coefﬁcient of path cover in the model, scaled to characteri
to e.g. 1m2 increase within a 10m2 plot, e.g. from 2 to 3m2 or 7 to 8m2.)
cOdds ratio, OR=exp(Coeff).
dThe third quartile.
eNote that the value here, as an unexpected (negative) result of a one-sided
how likely it would be to get this kind of a sample if the saplings were distrrelation to barriers, plus the further microhabitat
characteristics (Appendices A and B). We measured
path area in each plot with a measuring tape: length 
width of obvious paths and all areas with visible signs of
trampling (footprints, broken shoots, torn leaves, etc.),
and classiﬁed the areas according to the level of wear
(Appendix A, Lehv.avirta, 1999).Statistical analyses
Hypothesis testing
We used logit models (Collett, 1991) with sample plots
as observational units, to test the hypothesis that the
proportion of saplings close to barriers would increase
with increasing path cover. For each sapling species, the
response variable was measured as the proportion of
saplings beside a barrier, against the total number of
saplings in a sample plot. The path cover (%) per sample
plot was used as the independent variable. To adjust for
the effect of the amount of shelter, the proportion of
random points beside barriers was submitted to (empiri-
cal) logistic transformation and used as an offset variable
(Collett, 1991). The ranges of the response variables and
path areas are given in Table 1.
Only those species that were observed in at least 20
sample plots were used in the analysis. In addition, plots
with no saplings of the focal species were excluded, as
the proportion of saplings close to barriers could not be
measured. B. pendula was not used in the logit models
because of little variation in path area between sample
plots in which it occurred (maximum path cover was
only 24%).
To include the plots with no saplings of the
focal species into the analysis we needed another
approach. If our hypothesis about the positive effect
of barriers and negative effect of wear were true, weple plotsa
n min/ med/ 3rdqd/ max path cover (%)
44 0/ 6/ 10/ 74
53 0/ 6/ 10/ 43
74 0/ 5/ 9/ 49
86 0/ 7/ 12/ 91
22 0/ 6/ 10/ 53
130 0/ 6/ 14/ 100
cluded as an offset-variable, p-values are for one-sided Wald test.
p =the proportion of saplings beside barriers, RANBEBAR is the
THCOVER is the area of footpaths, per sample plot.
ze the effect of a 10 percentage increase in path area. (This corresponds
test, is not an estimate of type one error but just a probability indicating
ibuted randomly in relation to barriers.
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(2) the effect of barriers to depend on the general level of
wear. With a small path area, the barriers may have no
obvious effect, or the effect may even be negative
through a decrease in available growing space. However,
with increasing wear, the effect of barriers should
become increasingly positive (or at least less negative).
This implied a positive interaction between the
amount of barriers and wear. (Note that according
to our hypothesis path area should be negatively
correlated with amount of barriers within a sample
plot. To avoid this confounding, we used path cover
per study site as the measure of wear, and the
proportion of random points beside barriers per sample
plot to describe the amount of shelter.) We tested this
with Poisson regression (Christensen, 1990), including
the above explanatory variables and their interaction in
the model. The response variable was the total number
of saplings in a sample plot. The analyses for the logit-
and Poisson-models were made using Statistix for
Windows 7.
Exploration
The purpose of the data exploration was to describe
the microhabitats that are available (through random
points), and where the saplings of different tree species
actually grow in urban woodlands. We also wanted to
discover the microhabitat characteristics that are
most affected by wear. The effect of wear was explored
at the study site level (wic), sample plot level (wip), and
at the level of individual observation points (saplings
and random points, wi and pathm and paths; see
Appendix A). From here onwards we refer to the study
sites with a wear index wicX150 ‘‘worn’’ and those with
wico150 ‘‘less worn’’. The index value of 150 was
chosen to represent the most worn sites, but still
included approximately 10% of the sapling observations
to allow for description of sapling micro-sites in
worn sites.
We applied detrended correspondence analysis (DCA;
Jongman et al., 1995) by using CANOCO 4.0 software
(Ter Braak and Smilauer, 1998). The dataset consisted
of individual observation points (saplings and random)
as samples, described by several microhabitat character-
istics (Appendix A). We used only characteristics with at
least 5% of the cases larger than zero (Appendix A).
Furthermore, we excluded the most scarce sapling
species, because of otherwise serious problems with
stability of the canonical axes. With these amendments,
we had a total of 4420 samples, of which 584 had a WIC
value higher than 150 (the most worn sites), representing
nine species and the random points.
We also explored the odds ratios (OR) for sapling
microhabitat associations, for all the observations per
species pooled, separately for worn and less worn sites.
The odds ratios are a means of comparing two samplesof binary observations (Collett, 1991). In general,
ORs ¼ ½ðs=ð1 sÞÞ=ðr=ð1 rÞÞ;
where ORs is the Odds ratio for saplings, s is proportion
of saplings found in the focal microhabitat of the total
number of saplings of the species, and r is proportion of
random points found in the microhabitat of the total
number of random points, in the study sites where the
sapling species in question was found.
A microhabitat with OR>1 is ‘‘favourable’’ in the
sense that a larger proportion of the saplings is located
there than could be expected by the supply of
that microhabitat. ‘‘Unfavourability’’ corresponds to
ORo1.Results
Effect of wear on the location of saplings
The results for the effect of wear on the location of
saplings in relation to barriers are shown in Table 1. The
results for Populus tremula L., Sorbus aucuparia and
Rhamnus frangula L. were statistically signiﬁcantly in
accordance with our predictions, showing an increasing
proportion of saplings close to barriers with increasing
wear. Also results for P. abies and Acer platanoides L.
showed a similar trend, but were not statistically
signiﬁcant (with a 5% maximum type I error risk for
one-tailed testing). The effect sizes for wear were
estimated to be notable. For example, logit-transformed
probability that a P. tremula sapling is located beside a
barrier will increase 0.33 units for a 10% unit increase in
path cover. The odds connected with this probability
will correspondingly increase 1.4-fold. This means, for
example, that for the median value of 44% of P. tremula
saplings beside a barrier, an increase of 10 percentage
units of path cover would lead to a situation where 52%
of P. tremula would grow beside barriers.
However, the results for B. pubescens were unex-
pected, with a large negative coefﬁcient, which was very
unlikely under the statistical null hypothesis H0:
coefﬁcient = 0. The reason for this became clear during
data exploration. The best microhabitats for B. pub-
escens were either not included in the ‘‘barrier’’ variable
(low stumps), or were completely absent in the worn
sites (small trees with dbh 1–9 cm of Betula spp., P.
tremula and the ‘‘other species’’ group).
As hypothesised, the Poisson-regression coefﬁcients
were negative for the effect of path area, and positive for
the effect of barriers and the interaction term (Table 2).
The interaction coefﬁcient suggests that, at most, the
effect of wear could be reduced by 50%, by increasing
the amount of barriers.
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Table 2. Results for the Poisson regression (see text) for the
total number of saplings per sample plot
Independent variable Coeff p-valuea
Path cover per study site 0.02 0.000
Proportion of random points
beside a barrier
0.43 0.000
Interaction 0.01 0.023
Path area as percentages. n=214.
ap-values for one-sided test.
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Our study sites had a high canopy cover (85% of the
random points fell under the canopy), and a varying
vegetation from barren microhabitats (21% of the
random points) to those with full ﬁeld and bottom layer
cover (51%). Altogether 13% of the random points were
on, and 15% beside (o50 cm from) paths. The most
common structural objects as microhabitat character-
istics were other saplings (30%) and living trees (34%),
the largest proportion of both being S. aucuparia. Of the
microhabitats, 18% included stones and 11% coarse
woody debris (CWD) with decay class 2–5 (classes
deﬁned in Appendix A). Only 30% of the gap
microhabitats contained a barrier, though 46% of those
microhabitats under the canopy did.
The supply of microhabitats in the worn study sites
(WIC>150) differed from that of the less worn sites
(Table 3; Appendix B). In the worn sites there were more
microhabitats with strong wear and stones, and less
microhabitats with full vegetation, small trees (dbh
o10 cm), saplings and CWD.
The two ﬁrst axes in the DCA had eigenvalues of 0.37
and 0.26 (total inertia 3.40), explaining altogether 18.0%
of the variation in the dataset. In the DCA, the majority
of the sample and the microhabitat characteristic scores
scattered approximately from lower left to upper right
(Figs. 1 and 2). The deciduous-tree characteristics were
mainly to the left. Populus tremula (POP) and Sorbus
aucuparia (SOR) aggregated upwards and to the left,
and stumps downwards and to the left. The optima of
downed and decaying logs were downwards and to the
right, in the direction of the third scatter of samples
where wear index (WI) was usually zero. Characteristics
reﬂecting wear (the PATH variables, and possibly also
STO1-19 and STODSUM) were upward and to the
right.
Overall patterns between saplings and microhabitat
characteristics
The saplings were found in a large variety of
microhabitats of varying quality. The lengths of theDCA gradients for the saplings indicated that, within
any of the plotted species’ saplings were sometimes
found in habitats with only a few characteristics in
common with the other ones (Figs. 1 and 2). However,
the scores of the saplings (especially Betula spp. and
P. sylvestris) were, on average, to the left of the random-
point score scatter (Figs. 1 and 2, right).
We divided the DCA sample-score scatter into
quarters according to the centre of all of the scores
(Figs. 1 and 2). 75.9% of the random points scattered to
the upper-right quarter (Fig. 1a). Compared with these,
P. tremula (Fig. 1c), A. platanoides (Fig. 1f) and the
other species’ group (Fig. 1f) were more to the upper-left
quarter—close to the centroids of microhabitats with
deciduous trees—having 55% and 54% of the samples
in that quarter, respectively. B. pubescens scores
(Fig. 1d) were aggregated more to the lower left quarter
(69%), still close to the deciduous tree variables, but
also in the direction of microhabitats with stumps.
S. aucuparia, P. tremula and the two coniferous
species (Figs. 1b, c, e) had three main scatters:
upper left (the direction of deciduous trees and SOR
and POP variables), lower right (the direction of DOW
variables) and from lower left (microhabitats with
stumps) to upper right (the direction of paths, stones
and conifers).
The odds ratios (OR) also revealed considerable
variation in the microhabitat associations of different
species, as well as some similarities (Table 3;
Appendix B). The saplings showed least differentiation
in their ability to grow on paths and alone with ‘‘no
saplings’’ (always strong negative association), in their
association with highly decayed stumps (slightly positive
or indifferent), as well as with small stones (negative to
indifferent) and saplings of other species (slightly
negative to slightly positive). The saplings showed most
differentiation in relation to fallen logs, snags and living
trees.
The species least able to grow under the canopy were
P. sylvestris and Salix caprea L. Yet 20% of P. sylvestris
and 61% of S. caprea saplings grew under the canopy,
and as much as 85% of the rest of the saplings did so. In
the worn sites, the saplings grew more often under the
canopy and in full vegetation than in the less worn sites.
Though the saplings almost never grew on paths,
many species often grew beside paths. In general, the
saplings were negatively associated with stone surround-
ings, and only 10 saplings in total were found on top of
stones. However, in worn sites, Picea abies
associated positively with stony microhabitats
(Table 3; Figs. 1e, 2).
In the less worn sites, the saplings were positively
associated with stumps and highly decayed coarse
woody debris (CWD H; Appendix A), the most
favourable microhabitat being the surroundings of old
stumps. In the worn sites, the surroundings of stumps
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Table 3. The odds ratios (OR) for saplings for the whole dataset pooled
Less worn sites, wico150 Worn sites, wicX150
Rand Acer
plat
Betu
pend
Betu
pube
Pice
abie
Pinu
sylv
Popu
trem
Prun
padu
Rham
fran
Sali
capr
Sorb
aucu
Rand Pice
abie
Poput
rem
Rham
fran
Sorb
aucu
n for saplings0 microhabitats 203 93 350 239 41 715 41 55 35 399 28 47 15 121
CANOOPY 6.2 0.8 0.8 0.6 1.4 0.1 0.8 7.7 8.5 0.3 1.0 1.5 0.7 4.2 N 1.6
VEGET 1.3 0.6 1.3 1.4 0.3 4.6 1.0 0.5 0.1 2.2 1.0 0.3 5.4 1.6 4.0 1.4
ON PATH 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 12 0.0 0.0 0.0 0.0
PATHLM 0.1 0.9 0.9 0.6 0.3 2.8 0.7 0.0 1.3 1.6 1.1 1.1 0.0 1.7 2.4 1.3
PATHW 0.0 0.0 1.7 1.2 0.0 0.0 0.1 0.0 0.0 1.2 0.2 4.9 0.3 0.9 0.7 2.5
STO1-39 0.1 1.2 0.4 0.1 0.5 0.5 0.7 1.5 0.3 0.3 0.9 1.5 3.0 0.7 0.0 0.4
STO40- 0.0 1.5 0.0 0.0 0.8 1.0 0.7 0.0 0.0 0.0 0.2 3.2 1.0 0.0 — 0.1
DEAD 0.0 3.9 0.5 0.4 2.5 0.0 1.5 0.0 0.6 0.0 0.3 0.3 0.0 5.7 7.2 3.1
DOW 0.1 1.0 0.0 0.5 2.7 1.1 1.4 4.3 0.4 0.0 0.8 0.0 — — — —
STUH 0.1 1.4 3.1 3.7 2.3 3.9 1.2 0.8 0.8 1.6 1.7 0.6 0.0 0.0 0.0 0.3
STUS 0.0 0.8 1.0 0.2 2.1 0.0 1.9 1.2 0.0 0.0 3.5 0.2 — 0.0 0.0 0.0
TREOWN1-2 14 12 24 8.6 — 5.5 39 9.6 34 1.8 — — 124 6.5
TREOTH1-2 2.2 1.7 3.2 0.5 1.3 0.8 0.8 1.8 0.9 1.4 0.3 3.6 2.1 0.8 0.0
TREOWN3-9 3.2 0.0 5.9 4.6 — 1.6 — — 19 1.3 19 — — 1.2
TREOTH3-9 1.0 0.7 0.8 1.4 0.0 0.8 3.8 0.2 0.5 0.8 0.3 0.0 2.4 0.0 0.0
TREOWN10- 0.0 0.0 1.0 1.6 0.0 3.8 — 0.0 1.0 0.0 8.9 1.5
TREOTH10- 1.1 0.1 0.3 1.5 0.0 0.6 0.4 1.2 0.0 1.6 1.3 2.1 0.8 4.0 1.0
POP3- 0.0 1.3 0.0 1.1 0.0 — 2.3 0.0 1.5 0.0 2.6 0.3 5.3 8.9 35 5.7
BUSHES 0.0 0.7 0.6 0.7 0.0 0.0 0.5 0.4 0.0 0.8 0.4 0.0 — – — —
SAPLOWN 15 8.3 23 11 6.5 13 172 138 114 7.8 35 5.5 106 22
SAPLOTH 2.2 1.0 0.7 0.5 6.6 0.8 0.5 0.7 1.9 0.9 0.8 1.7 1.9 0.9
NOSAPLING 2.1 0.1 0.3 0.1 0.5 0.1 0.2 0.2 0.2 0.2 0.2 2.1 0.1 0.1 0.1 0.1
Odds (not OR) are given for random points (Rand) in the microhabitats in the sites with no to moderate wear (less worn sites). The OR for random points in the worn sites give the ratio between
Odds for random points in the worn sites as compared to the less worn sites. Descriptions of the microhabitats are given in Appendix B.N, is used when all saplings were found in the microhabitat,
or when saplings were found in the microhabitat even if random points were not. In both cases the OR is positive, but cannot be counted because of a zero in the denominator; —, is used when no
saplings nor random points were observed in the microhabitat; , for the random points any tree species were included in the calculations.
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Fig. 1. DCA sample scores for random sampling points: (a) and for the six most abundant tree species (b–f). The scores of the rest of
the sapling species are shown with similar symbols (f). Black symbols indicate worn (WIC>150), and hollow symbols indicate less
worn sites. The crossing point of the two perpendicular dash lines shows the centre of the species and random-point scores.
S. Lehv.avirta et al. / Urban Forestry & Urban Greening 3 (2004) 3–17 9seemed unfavourable, fallen logs were absent and the
data showed no general trend in the favourability of
snags.The saplings were strongly positively associated with
other saplings, especially with con-speciﬁcs. Betula spp.,
P. sylvestris and S. caprea formed a positively associated
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Fig. 2. DCA biplot scores for the variables that determined the growth sites of the tree saplings (see Fig. 1). The crossing point of the
two perpendicular dash lines (‘ALL’ on the right-hand side) show the centre of the species and random-point scores. On the right-
hand side, the centres of the sample scores of worn (‘worn’, WIC>150) and less worn (‘less w’) sites are shown for the random
points and tree species presented in Fig. 1.
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mostly negatively with any other saplings but their own
species. The saplings were also positively associated with
small trees (dbh 1–2 cm), in particular with con-speciﬁcs,
but grew less often with larger trees (dbh>3). Among
trees, the saplings associated most negatively with
A. platanoides and P. abies, while the most favourable
tree species for saplings may be hypothesised to be
P. tremula (Table 3) and P. sylvestris (with only 21
sapling and 19 random point microhabitats). In the
worn sites, the saplings grew more often beside trees
than in the less worn sites (ORs for growing beside a
tree, all sapling species pooled, were higher in the worn
sites than in the less worn ones).Species-speciﬁc microhabitat associations
Below, we summarise the exploration results for each
species (Table 3) and provide information not displayed
in the table.
A. platanoides grew slightly more often in gaps than
under the canopy, mainly in sparse vegetation. Among
the sapling species, it seemed the most tolerant to
stoniness. It associated positively with CWD except for
fresh small stumps (STUS1-6, Appendix A). It also
associated positively with saplings and small trees (dbh
o10 cm) of P. tremula, as well as with A. platanoidesand S. aucuparia of any size, and large (dbh > 10 cm)
P. sylvestris.
B. pubescens and B. pendula associated only slightly
positively with gaps. The proportion under the canopy,
of Betula size classes 30–50, 51–100, 101–150 and
151–200 cm, varied between 74% and 77%. This implied
similar death rate with increasing size under canopy and
in gaps. The saplings grew often with small (dbh o
10 cm) Betula spp. individuals, but the surroundings of
A. platanoides, S. aucuparia and P. abies individuals of
any size seemed unfavourable. In the worn sites, only
B. pubescens was found. There it associated positively
with the canopy, and less negatively with stones than in
the less worn sites. The highly positive association of
B. pubescens with stumps in worn sites was much a result
of a group of eight individuals around one stump at one
study site. In worn sites, B. pubescens also associated
positively with large P. abies (dbh > 10 cm), and the
association with saplings of its own species was even
stronger than in the less worn sites.
P. abies grew both under the canopy and in gaps, in
usually only a sparse vegetation cover (Table 3). Of all
the saplings it had the strongest positive association with
(especially highly decayed) CWD. It also had a positive
association with con-speciﬁcs of any size, Betula spp.
and P. sylvestris trees. It had a negative association with
small S. aucuparia trees (dbh 1–2 cm) and saplings, as
well as with P. tremula of any size. Of saplings, it
associated most positively with P. abies, R. frangula and
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vegetation, beside small stones and with con-speciﬁcs
than in the less worn sites.
P. sylvestris associated positively with CWD H and
saplings of P. sylvestris, Betula spp. and S. aucuparia,
but extremely negatively with P. abies individuals of any
size (Table 3, Figs. 1e and 2). It was not found at all
close to trees larger than 3 cm by dbh.
P. tremula had a wide amplitude in relation to the
canopy, vegetation cover and stoniness (Table 3,
Fig. 1c). Microhabitats with woody debris seemed
favourable. Of living woody individuals, it associated
clearly positively only with con-speciﬁcs and small
A. platanoides (dbho3 cm). In the worn sites, it grew
more often under the canopy, in full vegetation, with
small dead trees (dbho6 cm) and living P. tremula and
S. aucuparia saplings and trees. In the worn sites,
P. tremula also associated strongly positively with
P. abies saplings.
P. padus grew almost always under the canopy, in
varying vegetation cover (Table 3). It associated
positively with large stumps and fallen trees. It also
associated positively with small con-speciﬁcs and
S. aucuparia trees, but it did not grow together with
Betula spp. of any size.
Of all the species studied, R. frangula grew most often
under the canopy and had least vegetation cover in its
microhabitats (Table 3). It associated positively with
con-speciﬁcs and small S. aucuparia trees (dbh 1–2 cm),
but the surroundings of Betula spp. individuals and P.
abies trees seemed adverse for R. frangula. It was the
only species with no positive association with any kind
of CWD. In the worn sites, it always grew under the
canopy and often in full vegetation. There it was also
associated positively with small snags (dbho6 cm),
living con-speciﬁcs, P. abies, and large P. tremula
(dbh>10 cm).
S. caprea was the second most intolerant of canopy
cover (Table 3), and it associated strongly negatively
with stones and CWD (except for highly decayed
stumps). It associated negatively with S. aucuparia of
any size and tree surroundings in general, but positively
with Betula spp. saplings.
S. aucuparia was the most indifferent sapling species
with respect to canopy and vegetation cover (Table 3,
Figs. 1b and 2). It had a positive association with
stumps; both fresh and highly decayed ones. It was
among the least positively associated with its own
species, but associated positively with P. tremula of
any size as well as Betula spp. trees larger than 2 cm by
dbh. It was the second most tolerant (after P. abies
saplings) of large P. abies (dbh>10 cm). In worn sites, it
associated positively with the canopy, full vegetation
cover and snags. There it also had a stronger positive
association with its con-speciﬁcs, as well as with
P. tremula and Betula spp. trees.Discussion
We studied tree saplings with a minimum height of
30 cm, as we were not interested in the dispersal
dynamics or the initial development of seedlings.
Rather, we focused on ﬁnding the spots in urban
woodlands where tree saplings survive, forming the
sapling bank. However, seed dispersal and initial growth
determine the ‘‘material’’ on which trampling and
barriers can have an effect. This is why we also discuss
the favourability of different microhabitat types on the
seedling stage whenever we found relevant literature.
Further, we stress that there may be important
mechanisms worth studying, before the sapling stage,
that shape the spatial distribution of saplings.
Our results corroborated the hypothesis of Tonnesen
and Ebersole (1997), that under the effect of strong
recreational use, tree saplings survive best close to
barriers that provide shelter. This implies that in worn
woodland patches the future horizontal structure is
shaped by wear and the present horizontal structure i.e.
the location of barriers. This viewpoint should be
brought into discourse with the current approaches of
urban forestry.
Tonnesen and Ebersole (1997) suggested the spatial
extent of wear to be minimised. This could be done at a
small scale, by preserving or providing the type of
natural barriers most beneﬁcial for regeneration. We
tested both the maximum distance of 50 cm from the
barriers, and the plot area of 30m2, and found barriers
effective at both scales. Study designs that quantify the
spatial extent of the effect are necessary to further test
and develop the idea of natural barriers as a manage-
ment tool in urban woodlands, or other heavily used
recreational forests.
Although all species here were ﬂexible towards the
microhabitat, the future canopy species may still be
selected by the supply of barrier types: those able to
grow in the range of microhabitats available will form
the future canopy (‘‘regeneration niche’’, Grubb, 1977).
This has clear scientiﬁc and management implications:
the most favourable microhabitats and barriers for a
given species need to be recognised to preserve a viable
population of that species. This is especially important
in urban woodlands, where many factors are suggested
to suppress, or alter the species assemblage of the re-
growth (Tonnesen and Ebersole, 1997; Bhuju and
Ohsawa, 1998; Lehv.avirta and Rita, 2002).
Ecological data for non-commercial tree species are
rare, but essential if people want to preserve or promote
these species in recreational woodlands. Our results for
the less worn woodlands can be suggestive for rural
areas as well. However, our descriptions of the favour-
able microhabitats remain hypothetical: the descriptions
have not been tested, and may be speciﬁc for our data.
Furthermore, the structural characteristics used here are
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istics: other ones could be soil properties and solar
radiation, for example (Collins and Good, 1987; LeDuc
and Havill, 1998). Further, as trampling is an essential
factor shaping the woodlands, the efﬁciency of different
barriers against it should be tested, for example the
barrier height (Lehv.avirta, 1999). Yet, our results
provide a new perspective and are a good starting point
for further, more testing-oriented designs.
The supply and favourability of the microhabitats
The 50 cm maximum distance used here was chosen
subjectively. The outcome of the microhabitat descrip-
tions is most likely highly dependent on the scale one
chooses to use. Here the scale was chosen to evaluate the
suitability of different trampling barriers for regenera-
tion, assuming the possible distance of trespasses from
barriers to be 50 cm.
The microhabitat supply in the worn sites differed
from that of the less worn ones. Due to the rarity of
some microhabitats in the worn sites, e.g. fallen logs, we
cannot give any data-driven hypotheses about their
effects with increasing wear. However, if a microhabitat
seems favourable in general and can provide shelter
from wear, it can be hypothesised to be favourable also
in the worn sites. The results of Tonnesen and Ebersole
(1997) support this: Pinus edulis and Juniperus mono-
sperma regrowth persisted in different trampling regimes
in microhabitats known to be favourable for them, and
giving shelter against wear.
Gaps are emphasised as favourable regeneration spots
(Whitmore, 1989; Leemans, 1991; Qinghong and Hytte-
born, 1991; Kubota and Hara, 1996) but some studies
give examples of random recruitment patterns in
relation to the canopy (Ward and Parker, 1989; Kubota,
2000). The use of the concepts ‘‘regeneration’’ and
‘‘gap’’ varies between studies, and results may be
difﬁcult to compare. We want to highlight our observa-
tion that tree saplings survived well under the canopy.
From this sapling bank individuals can grow into the
canopy once sufﬁcient growing space becomes available
(Sernander, 1936; Wright et al., 2000). In our urban
sites, gaps are not a prerequisite nor do they guarantee
tree regeneration.
Gap size is proposed to be an essential feature for
regeneration success (Qinghong and Hytteborn, 1991;
Kuuluvainen, 1994; Beckage et al., 2000; but see
Nakashizuka, 1989). We did not consider gap size, as
the observation points were simply assigned as being
located under the canopy or not (in a ‘‘gap’’). Although
we considered even small canopy openings, our total
gap area was modest: only 15% of the random points
were in a gap. These aspects suggest that our result is
not comparable with studies concerning the favour-ability of larger gaps, but at the same time further
emphasize our conclusion that a sapling bank can
persist without large openings in the urban woodlands.
The favourability of gaps also depends on the
microhabitat variation within them (Nakashizuka,
1989; Whitmore, 1989; Kuuluvainen, 1994; Beckage
et al., 2000; Narukawa and Yamamoto, 2001). Our
observation of fewer barriers in gaps, and decreased
favourability of gaps and stump surroundings with
increased wear suggests that the opening of growing
space does not guarantee sapling survival, if no barriers
against wear remain. In our sites, uprootings and fallen
logs were few, likely because of removal of fallen trees
for aesthetic reasons, and because some of the gaps were
not created by tree fall.
Ground and ﬁeld layer vegetation competes with tree
seedlings (Yli-Vakkuri, 1963; Collins and Good, 1987;
Taylor and Zisheng, 1988; Kuuluvainen, 1994; Kuulu-
vainen and Juntunen, 1998). However, a poor vegeta-
tion cover is often a sign of wear in urban woodlands,
and thus not favourable for initial survival, as supported
by the result that the saplings had a more positive
association with vegetation in worn plots. Further, tree
seeds may be washed away from barren spots (Yli-
Vakkuri, 1963), and even more so in urban woodlands
with compacted soils, hydrophobic surface and prob-
ably larger runoff (Liddle, 1997).
Trees and saplings compete with each other (Aalto-
nen, 1942; Weiner, 1984), yet saplings often grow in
dense clusters crowding the favourable microhabitats
(Leemans, 1991; Kuuluvainen and Juntunen, 1998). We
cannot suggest that the grouping of saplings found in
urban woodlands was related to canopy gaps, as Lee-
mans (1991) could for his rural study sites. The generally
stronger positive association of saplings with other ones
in the worn sites implies that saplings avoid getting
trampled upon—and thus survive best—in groups.
Large trees suppress seedlings and saplings by
restricting the availability of nutrients, light and
moisture (Kalela, 1942; Kuuluvainen et al., 1993;
Kuuluvainen, 1994). However, tree roots may be
unevenly distributed and some may have a low vigour
(Laitakari, 1927). This may leave spots with less root
competition, even close to trees, for saplings to thrive.
Moreover, different tree species may have different
effects e.g. through modiﬁcation of pH, temperature
regime and nutrient, light and water availability or
allotoxic effects (Boettcher and Kalisz, 1990; Grubb,
1977). For example, Betula spp. are considered soil
improvers (Perala and Alm, 1990; Atkinson, 1992). Here
this improvement effect was not visible as an increase in
favourability: the immediate surroundings of Betula
trees with dbh X10 cm did not seem to be better
regeneration sites than the surroundings of other tree
species. The tentative unfavourability of A. platanoides
and P. abies surroundings might be related to their
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here, P. tremula offered the most favourable micro-
habitat for most sapling species, and also P. sylvestris
can be hypothesised to be favourable for other species.
Fallen trees, uprooting pits and mounds and rotten
stumps are found to be favourable for tree regeneration
in many ecosystems (Hytteborn et al., 1987; Perala and
Alm, 1990; Kuuluvainen, 1994; Kubota and Hara, 1996;
Narukawa and Yamamoto, 2001). Our study sites
lacked a representative decay succession of uprootings
as compared to unmanaged forests (e.g., Leemans, 1991;
Qinghong and Hytteborn, 1991; Kuuluvainen, 1994).
The well-decayed class 4 and 5 logs that could act as
seedbeds (cf. Hofgaard, 1993) were rare (observed at
only one per cent of the random points). This may
explain the variable results concerning their favour-
ability. Stumps were not numerous either, but large
rotten stumps seemed favourable, though they decreased
in favourability with increasing wear. Here, most stumps
were lower than 30 cm, and likely to be ineffective as
barriers. If cuttings are performed in areas with heavy
recreational pressure, it could be worth trying whether
leaving high (>150 cm) stumps would provide shelter
and enhance seedling and sapling survival.
A high abundance of tree seedlings near rocks was
reported during primary succession (Jumpponen et al.,
1999) and in pastures (Livingston, 1972), explained by
dispersal dynamics. Kuuluvainen (1994) noted that
stone surroundings may be less favourable than stump
surroundings, e.g. because there is no increase in
nutrient availability close to stones. In our data stone
surroundings and tops seemed unfavourable, with no
general trend of increasing favourability in the worn
sites as we expected. Only P. abies seemed to beneﬁt
from the presence of stones in the worn sites, within the
50 cm radius used here. Even the high (X40 cm) stones
did not offer shelter. Thus, we cannot say, as Tonnesen
and Ebersole (1997) did, that rocks could provide refuge
from wear.
Microhabitat associations of different species
The favourability of microhabitats varied between
species, implying regeneration niche differentiation
(Grubb, 1977), giving way for few generalisations.
However, the inability to grow on paths, and a tendency
to grow in groups was common for all species.
A. platanoides is usually considered a shade-tolerant
species (e.g. H.amet-Ahti et al., 1992), but here it
associated positively with both shade-tolerant (S.
aucuparia and small P. abies), and light-demanding
species (P. tremula). The association of A. platanoides
with sparse vegetation may be due to better establish-
ment and survival there, or a result of the leaf litter
reducing vegetation cover.The good survival of Betula spp. saplings under the
canopy (until they reach 2m) found here agrees with
Perala and Alm (1990), who reported that B. pendula
can endure 90% shade. However, it contradicts Qin-
ghong and Hytteborn (1991) and Hytteborn et al. (1987)
who suggested that Betula spp. regenerate only in large
gaps. Hytteborn et al. (1987), Perala and Alm (1990),
Qinghong and Hytteborn (1991) and Yli-Vakkuri (1963)
suggested that Betula spp. grow most abundantly on
highly decomposed logs and mineral soil where tree root
competition and vegetation cover is reduced. In our
study, however, Betula spp. saplings grew often in full
vegetation cover, most likely because vegetation was
indicative of less wear, and more abundant in gaps. We
could not ﬁnd the positive association of Betula spp.
with P. sylvestris or P. abies reported by Perala and Alm
(1990), and we question their interpretation of the
results of Aaltonen (1942) that Betula spp. saplings
would grow better with saplings of these conifers than
with other Betula saplings. However, we found a
negative association (throughout the size classes) with
A. platanoides similar to that between Betula spp. and
Acer saccharum (Perala and Alm, 1990).
P. abies is shade-tolerant (e.g. Hytteborn et al., 1987)
and able to survive under the canopy (Kuuluvainen,
1994). Thus, the positive association with canopy we
found is no surprise; however, we cannot interpret the
negative association with the canopy in the worn sites.
In agreement with Yli-Vakkuri (1961) we found a
negative association of P. abies saplings with full
vegetation, but cannot say whether it was the saplings
reducing vegetation covering vegetation cover, or
unfavourability of full vegetation for seedling establish-
ment. P. abies is suggested to regenerate well on
decomposed logs (Hytteborn et al., 1987; Kuuluvainen,
1994), and here too associated positively with all kinds
of CWD.
Qinghong and Hytteborn (1991) found no clear effect
of gaps on regeneration of P. sylvestris, and Kuulu-
vainen (1994) noted that understorey seedlings could
live suppressed for several decades underneath old, less
vigorous parent trees with damaged root systems. Here
however, the competitive weakness of P. sylvestris was
obvious, it being the species with least saplings under the
canopy, and no saplings within the immediate surround-
ings of trees larger than 3 cm by dbh. The positive
association of P. sylvestris with CWD, small Betula spp.
and small P. tremula, and the relatively high tolerance of
vegetation cover in our study parallels previous ﬁndings
(Carlisle and Brown, 1968; Kuuluvainen, 1994; Jonsson,
1999; Kuuluvainen and Juntunen, 1998).
In forested areas, P. tremula regenerates mainly
through root suckers, the locations of which are
determined by parent trees (Qinghong and Hytteborn,
1991; Greene et al., 1999). This agrees with our results,
though our methods may have underestimated the
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than 50 cm to a parent, if they had a common base with
that tree while shoots further away were noted as
saplings independent of their origin. According to
Jonsell and Karlsson (2000) P. tremula competes
successfully with spruce. However, we found the close
surroundings of P. abies unfavourable for P. tremula
regrowth.
According to a plot map of Hytteborn et al. (1987) P.
padus saplings were not conﬁned to gaps or logs. Our
results also suggest that P. padus grows well under the
canopy, but we found a tentative relationship with
CWD. Leather (1996) mentions that P. padus often
grows together with Betula spp. and S. aucuparia. At the
50 cm distance we used, we found a tentative positive
association of P. padus with S. aucuparia, but a negative
one with Betula spp.
Qinghong and Hytteborn (1991) suggested that S.
caprea sapling distribution depended on that of the
parent trees. We found the saplings associated positively
with small to medium-size individuals of its own species.
S. caprea is considered a pioneer species, and here it
appeared with other pioneers, expressly Betula spp.
saplings.
Hytteborn et al. (1987) suggested no microhabitat
differentiation for S. aucuparia, and Backmeroff and
Peterken (1988) reported good regeneration and pro-
longed survival under closed canopy. These parallel our
ﬁnding that S. aucuparia was relatively tolerant of
canopy and vegetation cover. The tolerance of a large
variety of microhabitats may be due to the regeneration
through rootsuckers that are connected to larger trees.
Furthermore, as for P. tremula, we may have under-
estimated the aggregation of S. aucuparia saplings
around its parent trees. S. aucuparia may be the most
successful species under heavy recreational use, as it had
the highest number of individuals in the worn sites (cf.
Lehv.avirta and Rita, 2002).Conclusions
As the green areas of a city are important for
recreation of inhabitants, wear will continue to be an
important factor shaping the ecosystems. Therefore,
both scientists and urban foresters should keep devel-
oping management options to keep the consequences of
wear at a minimum.
Based on our results it is easy to agree with Tonnesen
and Ebersole (1997), who suggest limiting the extent of
areas under strong wear (‘‘sacriﬁce areas’’), as well as
preventing further deterioration of less worn areas.
Furthermore, we suggest that structural elements of
woodlands should be considered as management tools,
not just objects.Preserving or providing a variety of microhabitats
that can act as natural movement barriers may promote
the diversity of woody regeneration. Management tends
to reduce forest structural elements, especially by
preventing the creation of CWD. For the tree species
we studied gaps are not essential for establishment and
initial growth, at least in the urban woodlands. From
this point of view the common belief held by urban
foresters in Finland that gap creation by logging is
necessary for regeneration should be questioned. In-
stead, a variety of barrier types are needed to promote
species diversity in the sapling bank.
Admittedly though, after initial establishment, the
promotion of Betula spp., S. caprea and P. sylvestris
would require openings in the canopy layer, and
especially the felling of P. abies, A. platanoides and S.
aucuparia. On the other hand, the promotion of P. abies
does not require openings in the canopy (only P. tremula
seemed unfavourable to P. abies saplings), but logs
would provide favourable seedbeds in addition to
providing shelter.
In practical terms, we suggest leaving thickets, leaving
logs or even cutting down trees to guide peoples’
movement, and leaving tall stumps when cuttings are
performed in vulnerable areas. We propose studies that
focus on the public acceptance of this kind of manage-
ment strategy. Furthermore, we suggest that in the long
term, the effect of such practices on biodiversity should
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The microsite characteristics recorded for each sap-
ling and random point at a 50-cm radius (unless
otherwise stated). For the distance variables, ﬁve
classes (0–4) were used. 0=no object of the kind within
the 50-cm radius from the observation point. 1=25–
50 cm distance to the object. 2 = the distance class was
missing but known to be 1 or 3. 3=distance to the
object 0–25 cm. 4=location of the observation point on
top of or underneath the object. Med = median,
Ave=average, Min=minimum and Max=maximum
values.
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Variable Description Med Ave Min Max
BUSHES Distance to the nearest busha 0 0.02 0 3
BETUPUBE Distance to the nearest Betula pubescens sapling 0 0.02 0 3
POPUTREM Distance to the nearest Populus tremula sapling 0 0.04 0 3
SORBAUCU Distance to the nearest Sorbus aucuparia sapling 0 0.13 0 3
BPUB1- Distance to the nearest Betula pubescens with dbhX1 cm 0 0.10 0 3
BPUB1-N Number of Betula pubescens with dbh X1 cm 0 0.09 0 11
PIC1- Distance to the nearest Picea abies with dbh X1 cm 0 0.12 0 4
PIC1-N Number of Picea abies with dbh X1 cm 0 0.08 0 3
POP1- Distance to the nearest Populus tremula with dbh X1 cm 0 0.07 0 3
POP1-N Number of Populus tremula with dbh X1 cm 0 0.04 0 3
SOR1-2 Distance to the nearest Sorbus aucuparia with dbh 1–2 cm 0 0.22 0 3
SOR1-2 N Number of Sorbus aucuparia with dbh 1–2 cm 0 0.16 0 6
SOR3- Distance to the nearest Sorbus aucuparia with dbh X3 cm 0 0.12 0 4
SOR3-N Number of Sorbus aucuparia with dbh X3 cm 0 0.08 0 5
DECI1-2 Distance to the nearest deciduous tree with dbh 1–2 cm 0 0.14 0 4
DECI1-2 N Number of deciduous trees with dbh 1–2 cm 0 0.13 0 11
DECI3- Distance to the nearest deciduous tree with dbh X3 cm 0 0.12 0 4
DECI3-N Number of deciduous trees with dbh X3 cm 0 0.07 0 3
CONI3- Distance to the nearest coniferous tree with dbh X3 cm 0 0.12 0 3
CONI3-N Number of coniferous trees with dbh X3 cm 0 0.08 0 3
LITTER The amount of litter within a 10 cm radius 0 0.45 0 1
VEGET Coverage of forest ﬂoor vegetation (classes 1–4b) 4 2.72 0 4
CANOPY Canopy cover of dominant trees (classes 1–3c) 2 2.22 0 3
PATHM Distance to the nearest medium-sized, worn pathd 1 1.40 0 4
PATHW Distance to the nearest wide, very worn pathe 0 1.31 0 4
DEADSUM Sum of the dbhs of dead standing trees 0 0.02 0 3.7
DOWDIS Distance to the nearest downed log 0 0.16 0 4
DOWD Diameter of downed log (m) 0 0.01 0 1.85
DOWH Height of downed log (m) 0 0.02 0 2.5
DOWDEC Decay classf of downed log 0 0.15 0 5
STUH1-6 Distance to the nearest highly decayed (class 3–5) stump, diameter 1–6 cm 0 0.04 0 3
STUH7- Distance to the nearest highly decayed (class 3–5) stump, diameter X7 cm 0 0.02 0 4
STUS1-6 Distance to the nearest slightly decayed (class 1–2) stump, diameter 1–6 cm 0 0.12 0 3
STUS7- Distance to the nearest slightly decayed (class 3–5) stump, diameter X7 cm 0 0.01 0 3
STUDSUM Sum of the diameters of all stumps (m) 0 0.19 0 8.2
STUIND
P
(stump diameter  decay class) 0 0.08 0 3.98
CWD H Distance to the nearest highly decayed (class 3–5) log or stump 1 1.18 0 4
CWD S Distance to the nearest slightly decayed (class 1–2) log, stump or dead standing
tree
1 1.17 0 4
STO1-19 Distance to the nearest stone with height 1–19 cm 0 0.13 0 4
STO20- Distance to the nearest stone with height X20 cm 1 1.12 0 4
STODSUM Sum of the diameters of stones (m) 0 0.12 0 4.86
WI Wear index (width of the nearest path  wear class)g 0 0.05 0 2
WIP Wear index for the 30-m2 sample plot (
P
(path area wear class)h) 0.02 0.07 0 1.16
WIC Wear index for the study site (
P
(path area wear class)i) 0.29 0.63 0 5.38
aRibes alpinum, R. nigrum, Rubus idaeus, Salix cinerea or Sambucus racemosa.
b1=sparse cover (o50%), only bottom-layer vegetation. 2=dense cover (X50%), only bottom-layer vegetation. 3 = sparse ﬁeld-
layer vegetation (o50%), with or without bottom-layer vegetation. 4=dense ﬁeld layer (X50%), with or without bottom-layer
vegetation.
c1=in an opening in the canopy, at least of the size of a canopy tree. 2 = in a small inter tree gap. 3 = under the canopy.
dWidth 20–115 cm, vegetation clearly reduced in amount but not completely worn out.eWidth 40–600 km, mostly no vegetation left
on the trail, sometimes humus layer or even mineral soil erosion.
fDecay classes (1–5). 1 = Bark not fallen off, wood still hard; the knife penetrates only a few mm into the wood. 2=Bark not fallen
off, wood still quite hard; the knife penetrates few cm into the wood. 3=Bark partly fallen off, wood soft; the knife penetrates
several cm into the wood. 4 = Bark mainly fallen off, partly covered by vegetation, wood soft; the knife penetrates up to the handle.
5=Covered by vegetation, only visible as a hump on the ground, wood very soft; the knife can easily be pushed through.
gClasses 1–4: 1 = visible effects of wear, vegetation damaged, but only slightly reduced in cover; 2 = visible effects of wear,
vegetation damaged and reduced in cover, but not completely worn away; 3 = generally no vegetation on the path, erosion of
humus layer with rocks and tree roots uncovered; 4 = bare mineral soil or a deeply eroded humus layer, no vegetation remaining
and rocks and tree roots often uncovered.
hEach path area was multiplied by its wear class and the resulting values summed up per sample plot.
iAs footnote h but summed up per study site.
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The microhabitat characteristic used in the OR table
(Table 3).Microhabitat Description
CANOPY Under the canopy (CANOPY = 3 in Appendix A)
VEGET In full vegetation cover (VEGET=4 in Appendix A)
ON PATH On a path of any level of wear
PATHLM Beside (within a 50 cm distance from) narrow to medium sized (20–115 cm wide) paths with light to moderate
wear (incl. PATHM =1–3 in Appendix A plus paths with visible signs of wear but only a slight reduction in
vegetation cover)
PATHW Beside very worn paths (PATHW = 1–3 in Appendix A)
STO1-39 Beside stone(s) 1–39 cm high
STO40- Beside stone(s) >39 cm high
DEAD Beside dead standing tree(s) (individuals > 200 cm tall) of any dbh
DOW Beside fallen log(s), decay classes 2–5 included (DOWDEC = 2–5 in Appendix A)
STUH Beside highly decayed stump(s) ((STUH1-6)+(STUH7-) in Appendix A)
STUS Beside slightly decayed stump(s) ((STUS1-6)+(STUS7-) in Appendix A)
TREOWN1-2 Beside tree(s) with a dbh 1–2 cm, of the focal species
TREOTH1-2 Beside tree(s) with a dbh 1–2 cm of other but the focal species
TREOWN3-9 Beside tree(s) with a dbh 3–9 cm, of the focal species
TREOTH3-9 Beside tree(s) with a dbh 3–9 cm, of other but the focal species
TREOWN10- Beside tree(s) with a dbh >10 cm, of the focal species
TREOTH10- Beside tree(s) with a dbh >10 cm, of other but the focal species
POP3- Beside Populus tremula tree(s) with a dbh X3 cm
BUSHES Beside a bush (BUSHES = 1–3 in Appendix A)
SAPLOWN Beside another sapling of the focal species
SAPLOTH Beside another sapling, of other but the focal species
NOSAPLING No other saplings within a 50 cm distanceReferences
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